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Abstract
Background and aims The establishment of a success-
ful symbiosis between the nitrogen-fixing bacterium
Ensifer meliloti and compatible host legumes
(Medicago spp.) depends on a complexmolecular signal
exchange. The early stage of signaling involves the
release from plant roots of the flavonoid luteolin, which
in turn induces the expression of rhizobia nodulation
(nod) genes required for root infection and nodule de-
velopment. To date, the bacterial response to the luteolin
perception has been characterized in detail as far as gene
expression is concerned. Nevertheless, despite this mo-
lecular information, a global view on E. meliloti pheno-
types affected by the plant signal luteolin is still lacking.
Therefore, an extensive phenotypic investigation of
luteolin effect on the nitrogen-fixing E. meliloti 3001
has been performed.
Methods A thousand different growth conditions, in-
cluding sensitivity to osmolites, pH stresses, antibiotics
and toxic compounds, were tested by the application of
the high-throughput Phenotype MicroArray (PM) tech-
nology, as well as by several dedicated assays to evalu-
ate growth stimulation, motility, biofilm formation, N-
acyl homoserine lactones and Indole-3- acetic acid
(IAA) production.
Results Results revealed that the plant signal luteolin
affected a wide spectrum of E. meliloti 3001 pheno-
types. E. meliloti 3001 displayed an enhanced resistance
phenotype in the presence of luteolin toward a broad set
of chemicals including several antibiotics, toxic ions,
respiration inhibitors, membrane damagers, DNA
intercalants and other potential antimicrobial agents.
Moreover, the presence of luteolin significantly reduced
overall AHLs production, as well as the lag phase in
relation to the starting cellular density, the motility and
biofilm formation under nutrient-limited growth
conditions. An effect on E. meliloti indole-3-acetic acid
(IAA) production was also detected in vitro as a re-
sponse to luteolin.
Conclusions Overall, these findings suggest that the
plant signal luteolin triggers a broad response in
E. meliloti 3001, which was shown to be dependent on
nutritional conditions sensed by the bacterium, pointing
out a wide role in modifying rhizobial phenotypes,
possibly in relation to plant root association and then
symbiotic interaction.
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Introduction
Rhizobia are well known for their ability to establish a
successful nitrogen-fixing symbiosis with legume plants
by root infection and formation of specialized structures
known as root nodules (Young and Johnston 1989).
Within these nodules, rhizobia differentiate into a bacte-
roid form that is able to convert the atmospheric nitrogen
(N2) into ammonia (NH3), thus metabolically available
for the plant. In exchange, the host plant supplies rhizobia
with carbon compounds and other nutrients. As a result
of this interaction, rhizobia can play a significant role in
promoting plant growth and in improving the fertility of
low-N soils (Gibson et al. 2008; Long 2001).
The rhizobia-legumes symbiosis development de-
pends on a complex molecular signal exchange between
the two partners that, in the early stages, involves the
release from plant roots of flavonoids, which are essential
for a successful infection and serve as key signals for the
organogenesis of nitrogen-fixing nodules (Cooper 2004;
Cooper 2007; Perret et al. 2000; Shaw et al. 2006). This
finding is definitely intriguing when considering that the
flavonoids generally have a fundamental role in
protecting higher plants from biotic and abiotic stresses
(Agati and Tattini 2010; Winkel-Shirley 2002). As dem-
onstrated also in other rhizospheric microorganisms,
plant-derived flavonoids play multiple roles, depending
on their structure, such as to inhibit several phytopatho-
gens, to stimulate mycorrhizal spore germination and
hyphal branching, to mediate allelopathic interactions,
and to chelate soil nutrients (Cooper 2004). Plant flavo-
noids have been shown to evoke a strong chemoattractant
response toward plant roots in rhizobia (Caetano-Anolles
et al. 1988). Subsequently, flavonoids are perceived by
the rhizobial regulator NodD, a transcription factor be-
longing to the LysR family (Peck et al. 2006). In turn,
NodD induces the expression of the nodulation genes
(nod genes) implicated in biosynthesis of lipo-chito-
oligosaccharidic signaling compounds, which are known
as Nod factors (NFs) (Denarie and Cullimore 1993;
Spa ink 1996) . These bac te r i a l l ipo -ch i to -
oligosaccharidic signaling compounds redirect root hair
growth to support rhizobial cell entry via infection
threads, leading to nodule organogenesis. Flavonoids
were also demonstrated to be involved in the production
of symbiotically active exopolysaccharides as well as in
changes occurring on surface polysaccharides (Ardissone
et al. 2011; Broughton et al. 2006; Le Quere et al. 2006;
Lopez-Baena et al. 2008; Schmeisser et al. 2009).
Moreover, the biosynthesis of rhizobial proteins secreted
via the Type III Secretion System (Galan et al. 2014),
which are called Nops (nodulation outer proteins), is also
induced by plant flavonoids.
This wide repertoire of adaptive changes concerning
rhizobial gene expression and physiology towards the
establishment of a successful symbiosis must be tightly
concerted and temporally coordinated, accordingly to the
density of bacterial population and to the presence of
several host molecular signals. A major portion of these
processes are regulated and modulated through the
Quorum Sensing (QS) system, which in Ensifer meliloti
(formerly Sinorhizobium meliloti) is composed by the
response regulators SinR and ExpR, and the autoinducer
synthase SinI. SinI is the enzyme responsible for catalyz-
ing the synthesis of the diffusible autoinducer signals N-
acyl homoserine lactones (AHLs) (Llamas et al. 2004;
Sanchez-Contreras et al. 2007). The SinR and AHL-
activated ExpR mediate positive and negative regulatory
feedback mechanisms that modulate the sinI expression
and consequently the AHLs levels (McIntosh et al. 2009).
SinI expression requires the transcription activator SinR
and is strongly enhanced by the LuxR-type regulator
ExpR in the presence of AHLs, resulting in a positive
feedback. ExpR also represses transcription of sinR at
high AHL levels, providing a negative feedback regula-
tion of sinI (Krol and Becker 2014).
Plant flavonoids in the rhizosphere have been dem-
onstrated to increase the production of AHLs by
rhizobia (Perez-Montano et al. 2011). AHLs in turn
trigger specific responses in the host to positively influ-
ence nodule numbers (Veliz-Vallejos et al. 2014).
E. meliloti , a Gram-negative nitrogen-fixing
proteobacterium that is distributed worldwide in tem-
perate soils both in free-living and symbiotic form, is
considered a model bacterium for legume-rhizobium
symbiosis (McIntosh et al. 2009).E. meliloti specifically
establishes symbiosis with species belonging to three
genera of leguminous plants (Melilotus, Medicago,
Trigonella), but can be also found on other host species
(Mnasri et al. 2009). In the early stages of symbiosis
plant roots release a cocktail of nodulation-inducing
molecules composed predominantly by flavonoids
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(Peck et al. 2006). In particular, the flavone luteolin was
found to be the most active plant inducer of the
E. meliloti nod genes (Honma et al. 1990; Peters et al.
1986). The repertoire of luteolin-regulated genes in
E. meliloti was identified by a combination of compu-
tational predictions (e.g. sequence homologies together
with structural conservation analyses) and experimental
approaches (Fisher and Long 1993; Peck et al. 2006;
Peck et al. 2013; Roux et al. 2014; Schluter et al. 2013;
Tolin et al. 2013). Genes differentially expressed in
response to the plant luteolin, as well as those related
to the various stages of the symbiotic interaction, were
identified (Ampe et al. 2003; Barnett et al. 2004; Becker
et al. 2014; Roux et al. 2014). Notably, the NodD
regulon, comprising luteolin-inducible and NodD-
dependent genes (Barnett et al. 2004; Capela et al.
2005), showed that the biosynthesis of NFs is one of
the major pathways induced by the luteolin, but not the
only one. Indeed, other additional genes are induced by
the perception of plant flavonoid signals or show in their
promoter region putative binding sites for NodD besides
those related to NF biosynthesis (Batista and Hungria
2012; Galardini et al. 2011; Lang et al. 2008; Guerreiro
et al. 1997; Tolin et al. 2013). Similarly to other plant
flavonoids, luteolin was found to induce in E. meliloti,
in addition to nod genes, the expression of genes
encoding the EmrAB efflux pump, the GroES and
GroEL chaperonins, as well as the SyrM transcriptional
regulator and three hypothetical proteins (Capela et al.
2005). Five other genes were also significantly
overexpressed following luteolin treatment, coding for
the conjugal transfer protein TraA, for a NTPase essen-
tial for the E. meliloti infective phenotype, and three
genes involved in iron metabolism (Ampe et al. 2003).
Furthermore, luteolin induced the accumulation of three
small non-coding RNAs in E. meliloti, probably having
a regulatory function, but whose biological role remains
to be explored (del Val et al. 2007).
Overall these data suggest that the plant signal luteolin
induces the expression of a number of rhizobial genes and
sRNAwhose functions are unknown or still to be exam-
ined in detailed (Jimenez-Zurdo et al. 2013; Perez-
Montano et al. 2011; Perret et al. 2000). Despite the
valuable molecular information outlined above, a global
analysis of the impact of luteolin on E. meliloti metabolic
phenotypes is still lacking. Therefore, the purpose of the
present study was to provide an extensive investigation on
the effects of luteolin on the phenotypic changes occurring
in E. meliloti, to get at an interpretative framework for
modeling luteolin-induced metabolic switches. The model
of our investigation was the E. meliloti 3001 (expR+) strain
(Nogales et al. 2012), which is derived from E. meliloti
2011 (expR−) and harbors a complete ExpR/Sin QS sys-
tem, enabling us to investigate the effect of luteolin on QS
related phenotypes.
Material and methods
Bacterial strains and growth conditions
E. meliloti 3001 and E. meliloti 3001 sinI/sinR− were
grown at 30 °C either in Luria-Bertani medium (LB) or
Vincent minimal medium (VMM) (Vincent 1970), sup-
plemented with 0.2 % of several carbon sources (D-
glucose, D-fructose, D-ribose, Na-succinate, Na-pyru-
vate, L-glutamine, L-histidine). The E. coli biosensor
strain JM109 pSB1142 was grown overnight at 37 °C in
LB medium with the addition of 125 μg/ml of
tetracycline.
The stock solution of luteolin was prepared at a final
concentration of 3.18 mM in a 9 mM NaOH dissolving
solution. The working concentration of luteolin was
10 μM, known to be the required concentration
in vitro for NodD induction (Kapulnik et al. 1987;
Peters et al. 1988). Untreated cultures were supplement-
ed with an equal volume of the 9 mM NaOH dissolving
solution rather than luteolin.
The long chain N-acy-homoserine lactones (AHLs)
were detected by the bioreporter E. coli strain JM109
pSB1142, carrying the P. aeruginosa lasR and lasI
genes fused to luxCDABE (Winson et al. 1998).
E. meliloti 3001 sinI/sinR− mutant strain, which is im-
paired in the synthesis and perception of AHLs, was
used as a negative control.
Phenotype MicroArray (PM)
The growth of E. meliloti 3001 was tested in 1437 differ-
ent culture conditions using PM metabolic (PM 01-03)
and chemical sensitivity panels (PM09-PM20). The tested
conditions included carbon and nitrogen sources, several
concentrations of ions and osmolytes, pH stresses, and a
wide variety of antibiotics, antimetabolites, heavy metals
and other inhibitors. PM11-PM20 allowed assaying for
the sensitivity to 240 chemical agents at four concentra-
tions. The complete list of the compounds assayed can be
obtained at http://www.biolog.com/pdf/PM1-PM10.pdf.
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PM uses tetrazolium violet reduction as a reporter of
active metabolism. The reduction of the dye causes the
formation of a purple color that, recorded every 15 min,
provides quantitative and kinetic information about the
response of the cells in the PMplates (Bochner et al. 2001;
Viti et al. 2015). E. meliloti 3001 was grown at 30 °C on
Biolog Universal Growth agar (BUG) (Biolog Inc.,
Hayward CA, US) for two days. Then colonies were
picked up with a sterile cotton swab and suspended in
1× IF-0 (Biolog) until OD600 = 0.1. Inoculation fluid for
PM1 and PM2 inoculation was obtained diluting the
cellular suspension (OD600 = 0.1) 10 times in an appro-
priate volume ofVMMsupplementedwith 1×DyeMixA
as final concentration (Biolog). The inoculation fluid for
PM3 was prepared diluting the cellular suspension
(OD600 = 0.1) 10 times in VMM without ammonium
chloride, and supplemented with 0.2 % Na-succinate as
a carbon source and with 1× Dye Mix A (Biolog). The
inoculation fluid for PM9-10 was prepared diluting the
cellular suspension (OD600 = 0.1) 10 times in VMM
supplemented with 0.2 % Na-succinate as carbon source
and with 1× Dye Mix A (Biolog). The inoculation fluid
for PM11-PM20 was prepared diluting the cellular sus-
pension (OD600 = 0.1) 13.64 times in VMM supplement-
ed with 0.2 % Na-succinate as carbon source. PM plates
were inoculated with 100 μl per well. To test the influence
of luteolin on the phenotype of the strain, luteolin was
added to the inoculation fluids, at a final concentration of
10 μM, according to other in vitro induction assays
(Barnett et al. 2004; Capela et al. 2005; Peters et al.
1986; Schluter et al. 2013). All the PM experiments were
performed in duplicate, as two independent experiments.
PM panels were incubated statically at 30 °C in an
Omnilog Reader (Biolog) for 96 h. The kinetic profiles
for E. meliloti 3001 strain in presence and in absence of
luteolin were analyzed by inspecting kinetic curves and
compared using the Omnilog-PM software (release OM_
PM_109M). In order to discard possible false errors, the
set of criteria reported by Khatri et al. (Khatri et al. 2013)
were applied to the PM data analysis. The difference of
area under the curve (Δarea) was used as discriminating
parameter for comparing the kinetic curves obtained in
order to identify different responses on metabolic panels
(PM1-2–3–9–10) in presence of luteolin. The selection
filter of the Omnilog-PM software allows to highlight all
the wells, and thus the related compounds, in which the
chosen parameter (Δarea) exceeds the standard threshold
set up at 10,000 (|Δarea| ≥10,000) (Arioli et al. 2014). All
the compounds showing a difference of area (Δarea)
above the threshold value were considered as significant.
The parameter IC50was chosen to compare kinetic curves
obtained on PM11-20. IC50, which was determined on
the response on the four concentrations of each tested
chemical, is defined as the well or fraction of well at
which a particular per-well parameter is at half of its
maximal value over the concentration series (Biolog, per-
sonal communication), and is expressed by PM software
in Bwell units^. IC50 values range between a minimum of
0.60 (no metabolic activity in any of the wells) and a
maximum of 4.40 (optimal growth in all the wells).
When a strain shows high metabolic activity in all the
wells containing the four concentrations of a compound
without showing any decrease of activity, the IC50
value is established as >4.40, whereas, when met-
abolic activity is absent in the four wells, IC50 is
evaluated as <0.60. In order to compare the chem-
ical resistance/sensitivity profiles and to highlight dif-
ferences, a |ΔIC50| parameter threshold equal to 0.3 was
used.
Carbon source utilization in relation to the inoculum
cellular density (ICD)
E. meliloti 3001 was grown at 30 °C on LB agar plates
for 48 h. Then colonies were picked up with a sterile
cotton swab and suspended in VMM without any car-
bon source until OD600 = 1.0 was reached. Then the
cellular suspension was serially diluted with a dilution
ratio 1:4 in VMM without carbon sources for 10 times
(cellular concentrations of the suspensions were valued
by the plate count method on LB). The bacterial sus-
pensions were used to inoculate 1:10 the following
media supplemented with 1× Dye Mix A (Biolog):
VMM supplemented with 0.2 % D- glucose, VMM
supplemented with 0.2 % D-fructose, VMM supple-
mented with 0.2 % D-ribose, VMM supplemented with
0.2 % Na-succinate, VMM supplemented with 0.2 %
Na-pyruvate, VMM supplemented with 0.2 % L-gluta-
mine, VMM supplemented with 0.2 % L-histidine, and
LB. The inoculated media were dispensed in micro-
plates (250 μl each well). The experiment was done in
absence (control) and in presence of 10 μM luteolin.
Three replicates for each treatment were performed.
Microplates were statically incubated at 30 °C in the
Omnilog Reader (Biolog) for 96 h. and monitored auto-
matically every 15 min for color changes in the wells.
Readings were recorded for 48 h and data were analyzed
with Omnilog-PM software (release OM_PM_109M)
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(Biolog). lag phase time was defined as the time of
incubation (expressed in hours) at which the color in-
tensity of 50 Arbitrary Omnilog Units (AOU) in VMM
medium and 150 AOU for LB medium were reached,
respectively. These threshold values were three times
higher than that observed in the not inoculated wells
(negative controls). To analyze the effect of luteolin on
the lag phase of the cultures in relation to the inoculum
cellular density (ICD) a two-way ANOVA was per-
formed, considering the lag phase as the dependent
variable and as explanatory variables the luteolin
presence/absence (two levels) and the different inocu-
lum cellular density (eleven levels). When the ANOVA
analysis was significant, the post hoc t test was per-
formed to locate the significant differences (P < 0.01).
The lag phase time was expressed as mean of three
independent replicates ± standard deviation.
Long-chain N-acyl homoserine lactones (AHLs)
quantification
The biosensor E. coli JM109 pSB1142 was used to detect
the production of long chain N-acyl homoserine lactones
(AHLs) by E. meliloti 3001 and its sinIR mutant, which
was used as a negative control. These strains were grown
at 30 °C on LB agar for two days. Then colonies were
picked up with a sterile cotton swab and suspended in
VMM without carbon source until OD600 = 1.0 was
reached. An aliquot of 0.2 ml of cellular suspension was
used to inoculate 1.8 ml of the following media: VMM
supplemented with 0.2%D-glucose, VMM supplemented
with 0.2 % D-fructose, VMM supplemented with 0.2 %
D-ribose, VMM supplemented with 0.2 % Na-succinate,
VMM supplemented with 0.2 % Na-pyruvate, VMM
supplemented with 0.2 % L-glutamine, VMM supple-
mented with 0.2 % L-histidine, and LB. The experiments
were done in the absence (negative control) and in the
presence of 10μM luteolin. Four independent experiments
were performed for each growth condition, and each one
of the four replicates was tested in quadruplicate. Cultures
were incubated at 30 °C with shaking (100 rpm) until
exponential phase (OD600 = 0.4) or stationary phase
(OD600 = 1.0) were reached. Then the cultures were cen-
trifuged at 5000xg for 15 min at 4 °C. One hundred μl of
the supernatant of each culture was dispensed, in black
microplate with clear bottom (Greiner bio-one
International GmbH, Austria). An overnight culture of
E. coli JM109 biosensor, resuspended in fresh medium at
OD600 = 0.3, was added for each well to an equal volume
of the E. meliloti 3001 supernatant. Microplates were then
incubated at 37 °C for 24 h in the spectrophoto/fluoro/
luminometer Infinite M200 Pro (Tecan Group Ltd.,
Switzerland), which measured luminescence and turbidity
values every 30 min in each well. In order to avoid the
possibility that quantitative changes in AHL production
observed could depend by differences in bacterial growth,
and not to any effect on QS depending from the presence
of luteolin, the measured bioluminescence values were
normalized for the biosensor optical density and for the
tested strain optical density and expressed as rAHLs. The
sum of rAHLs along the 24 hwas calculated (RAHLs). RAHLs
was expressed as mean ± standard deviation. Significant
differences between treated and untreated cultures were
determined by t test (P < 0.05).
Siderophores production assay
Siderophores were detected in cultures of E. meliloti of
3001 using the chrome azurol S (CAS) solution prepared
according to Alexander and Zuberer (1991). CAS solu-
tion has a blue color due to the CAS-iron complexes, but
when a strong iron chelator such as a siderophore removes
iron from the dye complex, the color changes from blue to
orange inducing a decrease in absorbance at 670 nm.
E. meliloti 3001 was inoculated (OD600 = 0.05) in
VMM medium supplemented with 0.2 % Na-succinate
prepared without iron chloride in order to stimulate
siderophore production. Cultures were supplemented
or not with 10 μM luteolin, performed in three indepen-
dent experiments, and incubated at 30 °C with shaking.
When exponential growth phase (OD600 = 0.3) and
stationary phase (OD600 = 0.5) were reached, 1 ml of
each culture was centrifuged at 10,000×g for 3 min.
80 μl of the supernatant of each culture and 80 μl of
the medium supplemented or not with 10 μM luteolin
(as negative controls) were dispensed into the wells of a
microplate in triplicate, and then mixed with 160 μl
CAS solution. After 3 min of incubation the absorbance
at 670 nm (A670) was measured by a microtiter plate
reader (GDV, Model No. DV990BV5).
Motility assay
E. meliloti 3001 strain was grown in LB medium or in
VMM supplemented with 0.2 % Na-succinate, in the
presence or absence of 10 μM luteolin. Inocula were
grown at 30 °C with shaking (100 rpm) until stationary
phase was reached (OD600 = 1.0). Cells were diluted in
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the original medium to reach OD600 = 0.5, then 5 μl were
dipped in triplicate in the center of semisolid VMM
supplemented with 0.2 % Na-succinate (0.2 % agar)
and semisolid LB (0.2 % agar). Also plates with 10 μM
luteolin were carried out. Semisolid agar plates were
incubated at 30 °C for 2 days. The extent of swarming
was determined by measuring the swarming ring diame-
ter. Diameter was expressed as mean ± standard deviation
of three independent experiments, each performed in
triplicate. Significant differences between treated and
untreated cultures were detected with t test (P < 0.05).
Biofilm quantification
The quantitative assessment of biofilm was evaluated by
the crystal violet staining following the procedure for the
microtiter plate assay used by O'Toole et al. (1999) with
the following modifications. E. meliloti 3001 was grown
to OD600 = 2.0 in LB and VMM containing 0.2 % Na-
succinatemedia. Cells were thenwashed and resuspended
to OD600 = 0.2 with or without 10 μM luteolin in the
following desiredmedia: VMM supplemented with 0.2%
D-glucose, VMM supplemented with 0.2 % D-fructose,
VMM supplemented with 0.2 % D-ribose, VMM supple-
mented with 0.2 % Na-succinate, VMM supplemented
with 0.2 % Na-piruvate, VMM supplemented with
0.2 % L-glutamine, VMM supplemented with 0.2 % L-
histidine, and LB. One hundred μl of cultures per well
were grown in microplates, statically incubated at 30 °C.
At the final time point, the optical density (OD600) of each
well was read in a microtiter plate reader (GDV, Model
No. DV990BV5). For each well, the parameter RB was
calculated as the ratio between the crystal violet absor-
bance and the culture absorbance. For each sample, RB
was expressed as mean ± standard deviation of two inde-
pendent experiments with twelve replicates each time.
Significant differences between treated and untreated cul-
tures were determined with t tests (P < 0.05).
Production of extracellular enzymes
E. meliloti 3001 was grown on LB agar at 30 °C for 48 h.
Then cells were picked up using a sterile cotton swab and
suspended in VMM supplemented with 0.2 % Na-
succinate until OD600 = 1.0. Two distinct aliquots of the
prepared bacterial suspension, without or with 10 μM
luteolin were incubated at 30 °C for 3 h. Five μl of the
treated and untreated cellular suspensions were spotted
onto the surface of every type of agarizedmedia, dedicated
to test each one of the following extracellular enzymatic
activity. Aswell, plateswith 10μMluteolinwere included.
Amylolitic activity was evaluated in 10 % Tryptone
Soya Agar - TSA (Oxoid) or VMM supplemented with
0.2 % Na-succinate both added with 1 % starch, in tripli-
cate. After 48 h of incubation at 30 °C, the plates were
flooded with Lugol’s iodine solution (1 % iodine and 1 %
potassium iodine in distilled water). A pale yellow zone
around the colony in the otherwise blue medium indicates
starch degradation (Atlas and Park 1993).
Proteolytic activity was valued in 10 % TSA and
VMM supplemented with 0.2 % Na-succinate both
added with 1 % skim milk. After incubation for 48 h
at 30 °C, a positive reaction was detected as a clear zone
around the colony in the opaque medium.
Extracellular lipases were detected both in 10 % TSA
and VMM supplemented with 0.2 % Na-succinate both
supplemented with 1 % (v/v) tributyrin, and in 10% TSA
and VMM supplemented with 0.2 % Na-succinate both
supplemented with 1 % (v/v) tween 80. After incubation
for 48 h at 30 °C, a positive reaction was detected as a
clear zone around colonies in opaque tributyrin agar
media, or as a precipitate around the colony in the tween
80 agar media, respectively.
Phospholipase activity was detected in 10 % TSA and
in VMM supplemented with 0.2 % Na-succinate both
supplemented with 2 % egg yolk. The cleavage of the
phosphate ester bonds formed water insoluble lipid. After
incubation for 48 h at 30 °C, the enzyme activity was
detected as a zone of opalescence in the medium sur-
rounding the colonies.
Cellulolytic activity was checked in 10% TSA and in
VMM supplemented with 0.2 % Na-succinate both
supplemented with 0.1 % carboxymethylcellulose
(CMC). After incubation for 48 h at 30 °C, plates were
stained with a solution 0.03 % Congo red (Strauss et al.
2001). A pink yellow zone around the colony in the
otherwise red medium indicated CMC degradation.
For each enzymatic activity assay, four independent
experiments were set up and each one tested in quadru-
plicate. The area of the halos surrounding the cellular
stops was measured and expressed as mean ± standard
deviation.
Indole-3-acetic acid (IAA) production
E. meliloti 3001 was grown on LB agar plates at 30 °C
for 48 h. Single colonies were picked up using a sterile
toothpick and suspended in 0.8 % NaCl until
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OD600 = 1.0. An aliquot of 0.2 ml of this bacterial
suspension was used to inoculate the following media:
VMM supplemented with 0.2 % L-glucose, VMM sup-
plemented with 0.2 % D-fructose, VMM supplemented
with 0.2 % D-ribose, VMM supplemented with 0.2 %
Na-succinate, VMM supplemented with 0.2 % Na-pyru-
vate, VMM supplemented with 0.2 % L-glutamine,
VMM supplemented with 0.2 % L-histidine and LB.
The media were supplemented or not with 500 μM L-
tryptophan and 10 μM luteolin.
Cultures were then incubated at 30 °C under shaking
(100 rpm) until OD600 = 1.0. Each culture was centri-
fuged at 5000×g for 15 min at 4 °C, and the supernatant
was recovered for IAA detection. Briefly, 70 μl of the
supernatant and 210μl of Salkowsky reagent (1ml 0.5M
FeCl3 plus 50 ml 35% perchloric acid) were dispensed in
a well of a microplate (Batista and Hungria 2012; Gordon
and Weber 1951). For each growth condition three inde-
pendent experiments, with eight replicates per series,
were done. After 30 min of incubation at room tempera-
ture in the dark, the OD530 was read in a GDVmicroplate
reader (model DV990BV5). For each well, the ratio RIIA
between OD530 of spent medium and OD530 of the rela-
tive fresh medium was calculated. For each culture, the
RIIA was calculated as mean ± standard deviation.
Significant differences between treated and untreated
cultures were determined with t test (P < 0.05).
Results
Phenotype MicroArray (PM) analysis
PM system (Biolog) was used to characterize E. meliloti
3001 in presence of 10 μM luteolin on 190 different
carbon sources (PM1-2), 95 nitrogen (PM3) sources and
tolerances to different osmolytes and pH conditions (see
ESM_1 in the Online Resources for a complete set of
results). E. meliloti 3001 was found to be able to metab-
olize 95 out of 190 tested carbon sources and 74 out of
95 nitrogen sources in both the absence or presence of
luteolin, indicating that luteolin did not affect carbon
and nitrogen metabolism.
The effect of luteolin on the metabolic activity of
E. meliloti 3001 under several osmolyte gradients and
pH conditions was tested using PM9 and PM10 plates.
The pH range where E. meliloti 3001 exhibited active
metabolism was between 4.5 and 10, with an optimal
pH value around 6.0-7.0. Luteolin did not affect the
activity under the tested pH range, whereas it increased
the osmotolerance of the strain to the sodium phosphate
gradient ranging from 20 mM to 200 mM (Fig.1).
The E. meliloti 3001 strain was also analyzed for
chemical sensitivity/resistance in presence or in absence
of luteolin toward 240 compounds, each one presenting
four different concentration levels, in PM11-20 plates.
ΔIC50 parameter threshold, as defined in materials and
methods section, was used to compare the PM profiles.
The comparison of chemical sensitivity profile of
E. meliloti 3001 showed different phenotypic responses
associated to the luteolin treatment on 20% of the tested
compounds (Online Resources ESM_2). Among the
discriminating compounds, luteolin induced a higher
metabolic activity for 82 % of them.
Enhanced luteolin-induced resistance was found for a
broad set of chemicals such as antibiotics (18), toxic
ions (10), respiration inhibitors (8), membrane damagers
(6), DNA intercalants (3) and other antimicrobial agents
(5) (Fig. 2). However, for other toxic compounds, in-
cluding three antibiotics (cefotaxamine, phosphomycin,
and sulfanilamide), L-glutamic acid g-hydroxamate,
chloroxylenol (fungicide), ferric chloride and potassium
tellurite (toxic ions), sanguinarine (membrane dam-
agers) and hydroxylamine (mutagenic agent) luteolin
induced a higher sensitivity (Table S2).
Carbon source utilization in relation to the of inoculum
cellular density (ICD)
Utilization of carbon sources by E. meliloti 3001 was
not influenced by luteolin treatement when PM plates
were used. Nevertheless luteolin was previously report-
ed to have an effect on growth rate of R. meliloti
(Hartwig et al. 1991). Therefore, we decided to evalu-
ated whether the cellular density of the inocula (ICD)
could play a role in making luteolin active on the carbon
source utilization by the bacterium. To test the effect of
luteolin on the utilization of carbon sources, seven dif-
ferent substrates (three carbohydrates, two aminoacids
and two organic acids) were selected among those on
which the E. meliloti 3001 showed the highest activity,
as resulted from PM analysis. Eleven concentrations of
inocula, obtained by serial diluition (1:4) ranging from
9x108 ± 2.0× 107 cells/ml to 180 ± 20 cells/ml (named
D1-D11) were tested. Tested media were LB and VMM
supplemented with 0.2 % different carbon sources (D-
glucose,D-fructose, D-ribose, L-histidine, L-glutamine,
Na-succinate and Na-pyruvate).
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Two-way ANOVA, performed on lag time results,
showed a highly significant effect (P < 0.01) not only of
ICD, as expected, but also of luteolin treatment for all
tested media (Fig. 3). Lag time was significantly reduced
by luteolin for all the ICDs in VMMmedium supplement-
ed with each carbon source tested (t-test, P < 0.05 and
P < 0.01, respectively). Exceptions of D1 for L-glucose, L-
ribose and L-succinate and D7, D8, D11 for L-histidine
were observed. In LB medium, luteolin reduced (t test,
P < 0.05) the latence time only at the high cellular density
D2 and D3 of about 5 and 4 h, respectively.
Bacteria grown in VMM + 0.2 % L-glutamine and in
VMM + 0.2 % L-histidine showed a reduction of lag
time, in relation to luteolin treatment, of ca. 10 and 5 h,
respectively, for all the ICDs tested (two-way ANOVA
did not reveal a significant interaction between ICD and
luteolin treament). On the contrary, the reduction of the
lag time induced by luteolin was little at high ICD and
became higher at low ICD for cultures grown in VMM
supplemented with Na-succinate, Na-pyruvate, D-fruc-
tose, D-glucose and D-ribose (two-way ANOVA showed
a highly significant interaction (P < 0.01) between ICD
and luteolin treament). As an example, on L-fructose the
lag time reduction was of 1.1 h when the culture had ICD
equal to D1 and reached 36.2 h when ICD was equal to
D9. On D10 and D11 the reduction of lag time induced
by luteolin was not determined, but higher than 36.2 h.
Long-chain N-acyl homoserine lactones (AHLs)
production
In order to evaluate the influence of luteolin on the long-
chainAHLs overall production, exponential phase cultures
of E. meliloti 3001 strain grown in the presence/absence of
luteolin were analyzed using the E. coli JM109 pSB1142
biosensor as a bioluminescent reporter system for AHLs.
As controls, supernatants obtained from un-inoculated me-
dium andE.meliloti 3001 sinIR defectivemutant, impaired
in the synthesis and perception of AHLs, without and with
10 μM luteolin were used.
The presence of luteolin did not affect the long chain
AHLs production in rich medium (LB) (data not shown).
No significant changes in the bioluminescence produced
by the E. coli biosensor were detected upon luteolin treat-
ment compared to the untreated E. meliloti 3001, both
during exponential and stationary growth phases (data
not shown). Conversely, when minimal medium (VMM)
was used, supplemented in separate experiments with
seven carbon sources (D-glucose, D-ribose, D-fructose,
L-histidine, Na-pyruvate, Na-succinate, L-glutamine), the
presence of luteolin significantly reduced the overall AHLs
production of E. meliloti 3001 (Fig. 4). The luteolin effect
was observed during the exponential growth phase for all
carbon sources (Fig. 4). The AHLs reduction levels detect-
ed in response to luteolin varied depending on carbon
source (Fig. 4). The exponential culture exhibited a long
chainAHL levels decrease of ca. 55%onD-glucose, 38%
on D-ribose, 34 % on L-histidine, ca. 30 % on D-fructose,
28 % on Na-pyruvate, 20 % on Na-succinate and 14 % on
L-glutamine in presence of luteolin.
Influence of luteolin on indole-3-acetic acid (IAA)
production
The production of phytohormone IAA was evaluated in
late exponential phase of E. meliloti 3001 grown both in
Fig. 1 Luteolin effect on metabolic activities of E. meliloti 3001 in
the presence of a sodium phosphate gradient (20–200mM). Area of
the PM kinetic curves and the parameter Δarea are reported for
each condition after 96 h of incubation. The intensity of color code
used reflects the area values.*Δarea is defined as the difference of
area under the PM kinetic curves for the luteolin treated E. meliloti
3001 strain compared to the untreated ones
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LB and in VMM supplemented with several carbon
sources. The most remarkable increase in IAA produc-
tion was observed in VMM supplemented with D-ribose,
Na-pyruvate and D-glucose, according to this order. The
presence of luteolin only impacted the synthesis of IAA
when grown in LB or VMM supplemented with D-
fructose as a carbon source media (Fig. 5). The effect of
luteolin on IAA production was not statistically signifi-
cant in cultures grown in VMM supplemented with Na-
succinate, D-ribose, D-glucose andNa-pyruvate. No IAA
Fig. 2 Luteolin effect on resistance to chemicals of E. meliloti
3001. Chemicals identified by PM analysis toward which the
presence of luteolin, after 96 h incubation time, induced an increase
or a decrease of resistance (ΔIC50 ≥ 0.3) are reported. The color
intensity of the code used reflects the IC50
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synthesis was detected in cultures grown in VMM sup-
plemented with amino acid sources, such as L-histidine
and L-glutamine, either in the presence or absence
of luteolin.
Inoculum  Cellular  
Density 
(ICD)
lag me (hours)
control
10 µM luteolin
control
10 µM luteolin
control
10 µM luteolin
control
10 µM luteolin
control
10 µM luteolin
control
10 µM luteolin
control
10 µM luteolin
control
10 µM luteolin
+-
Fig. 3 Luteolin effect on the lag
time ofE. meliloti 3001 in relation
to the inoculum cellular density
(ICD). The growth of E. meliloti
3001 was evaluated using VMM
minimal medium supplemented
with different carbon sources
(D-glucose, D-fructose, D-ribose,
L-histidine, L-glutamine,
Na-succinate and Na-pyruvate)
and LBmedium. The experiments
were performed with luteolin and
without luteolin (control).
Cultures were incubated at 30 °C
for 90 h. Lag time is reported in
gray scale ranging from light gray
to black. Black squares indicate
that lag time was 90 h or higher
(not determined). Lag time was
reported as a mean of three
independent replicates. Standard
deviations were lower than
10 %. D1-D11 indicate the
dilution series of inculum. The
ICDs for which a significant
reduction, t test, P < 0.05 or t test,
P < 0.01, of lag time induced by
luteolin was detected are marked
with * or **, respectively. ICDs
for which statistical analysis was
not performed, since the lag time
of untreated cultures (0 μM
luteolin) was higher than 90 h, are
marked as Bnd^ (not determined)
168 Plant Soil (2016) 399:159–178
Effect of luteolin on motility proficiency
In rhizobia, motility has been shown not to be essential
for nodulation, but it allows the bacteria to find their
specific host legume and establish symbiosis
(Nievas et al. 2012). Bacterial motility is an ener-
getically costly process, and therefore must be finely
regulated (Nievas et al. 2012).
In order to assess the effect of luteolin on the motility
ofE. meliloti 3001, the growth on semisolid LBmedium
and VMM with Na-succinate as a carbon source was
valued in the absence and presence of 10 μM luteolin.
E. meliloti 3001 was motile in semisolid LB medium,
resulting in the formation of a swarming halo of 3.4 cm
average diameter. No significant changes in the
swarming halo were found with and without luteolin
in semisolid LB medium (data not shown). Whereas,
E. meliloti 3001 in semisolid VMMmedium exhibited a
significantly different motile ability as compared to rich
medium, resulting in an halo of just 1 cm average
diameter (P < 0.01, t-test). Comparing the swarming
behavior in VMM medium with and without luteolin,
a significant reduction in the motility was found in the
presence of luteolin, resulting in a swarm halo of 0.8 cm
average size (P < 0.01,t-test).
Influence of luteolin on biofilm formation of E. meliloti
3001
The ability of rhizobia to establish a biofilm can be used
as a strategy for survival under unfavorable conditions
and for optimizing resource utilization in hostile envi-
ronments. In certain species, the biofilm formation is an
important feature for colonization and/or host invasion
(Nievas et al. 2012; Perez-Montano et al. 2014). The
biofilm formation assay performed on E. meliloti 3001
revealed that luteolin affected the biofilm formation on
rich medium and minimal medium (Fig. 6). In the
presence of luteolin a statistically significant increase
(amounting to 68 %) of E. meliloti 3001 biofilm forma-
tion was observed on LB medium (Fig. 6a).
The 3001 strain exhibited a significantly reduced
biofilm formation in presence of luteolin on VMM
supplemented with D-glucose (26 %), D-ribose (ca.
Fig. 4 Luteolin effect on the overall production of long-chain
AHLs by E. meliloti 3001. The production of long-chain AHLs
was evaluated for cultures grown in VMM minimal medium
supplemented with different carbon sources (D-glucose,D-
fructose, D-ribose, L-histidine, L-glutamine, Na-succinate and
Na-pyruvate) at the exponential growth phase. The experiments
were carried out in presence and in absence of luteolin. Long-chain
AHLs were quantified using the E. coli biosensor strain JM109
pSB1142 as reporter system. Data refer to measured emitted
bioluminescence (expressed as relative light units) normalized for
biosensor optical density on each tested condition. Data are
reported as a mean (± standard deviation of the mean) of four
independent experiments, each one tested in quadruplicate. Dark
grey bars correspond to control and light grey bars correspond to
experiments performed in media supplemented with 10 μM
luteolin. * or ** indicate a significant difference in presence of
luteolin compared to the luteolin absence at the levelP-value < 0.05
(t test) and P-value < 0.01 (t test), respectively
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36 %), Na-succinate (53 %) and L-histidine (ca 51 %)
(Fig. 6b). No statistically significant differences were
detected for biofilm formed by cultures without and
with luteolin in VMM supplemented with D-fructose,
Na-pyruvate and L-glutamine (Fig. 6b).
Siderophore production
E. meliloti is known to produce the siderophore
rhizobactin (Smith et al. 1985), which can inhibit the
growth of rhizobactin transport mutants in iron deficient
conditions (diCenzo et al. 2014). The CAS assay was
performed to value the effect of luteolin on siderophore
production by E. meliloti 3001. The strain was grown in
VMM medium without iron chloride to stimulate
siderophore production, both in the absence and pres-
ence of luteolin. Supernatants of exponential and sta-
tionary cultures were mixed with CAS agar reagent and
the A670nm was measured. Two way ANOVA showed a
significantly decrease of A670 (P < 0.01) induced by
both growth phase and luteolin treatment. This result
suggested that the siderophore production increased
during growth as expected, but more interestingly that
luteolin stimulated siderophore biosynthesis. In fact,
although no differerence in A670 was observed in expo-
nential growth cultures treated or not with luteolin, a
significant decrese of A670 was observed in stationary
phase cultures treated with luteolin in respect to not
treated cultures (t-test, P < 0.05) (Fig. 7).
Extracellular enzyme production
Assays performed to evaluate extracellular enzymatic
activity (protease, amylase, lipase, phospholipase C,
carbossimethyl cellulose, glycanase) of E. meliloti 3001,
grown with and without luteolin, revealed that E. meliloti
3001 was negative for the tested extracellular enzymes
production in the tested conditions. The results obtained
in presence of luteolin remained unchanged compared to
those yielded in its absence, suggesting no luteolin influ-
ence on these cellular biosynthetic processes.
Discussion
The importance of flavonoids in modulating rhizobia
activity has been brought to light by transcriptional
studies, which allowed identifying genes whose expres-
sion is modulated by these molecules. However, the
effective role of flavonoids on bacterial physiology can-
not be fully described using just this kind of approach,
because some of the genes found to be modulated by
flavonoids have a still unknown function. In addition,
these plant signal molecules could exert regulatory ac-
tivity at post-transcriptional level. Studies aiming to
assess the expression of small non-coding RNA
(sRNA) in E. meliloti have pointed out that at least three
small RNA transcripts involved in modulating gene
expression are controlled by the flavonoid luteolin (del
Fig. 5 Effect of luteolin on the IAA production by E.
meliloti 3001. The IAA production was evaluated using
LB and or VMM minimal medium supplemented with different
carbon sources (D-glucose,D- fructose, D-ribose, L-histidine, L-glu-
tamine, Na-succinate and Na-pyruvate); dark grey bars indicate the
amount of IAA detected in control cultures, light grey bars indicate
the amount of IAA detected in cultures with 10 μM luteolin. Means
and standard deviations of three independent experiments, each one
with eight replicates are reported for each condition. * or ** indicate
statistically significant results in presence of luteolin compared to the
luteolin absence at the level P-value < 0.05 (t test) and P-value < 0.01
(t test), respectively
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Val et al. 2007). Therefore, we can expect that luteolin
may have a pleiotropic effect on rhizobial phenotypes,
possibly also unlinked to the Nod factors (NF) biosyn-
thesis. To this aim, we performed an extensive analysis
of a wide spectrum of phenotypes induced by luteolin in
the E. meliloti 3001. PM analysis of E. meliloti 3001
carried out in 1437 different growth conditions showed
that luteolin makes an important change in the sensitiv-
ity and osmotolerance profiles of E. meliloti 3001. In
particular, the major effect of luteolin on the sensitivity
profile of E. meliloti 3001 was an enhanced resistance
towards a large set of antimicrobials and toxic com-
pounds. One of the major system conferring multidrug
resistance phenotypes in bacteria are efflux pumps (Eda
et al. 2011). These systems have also been reported to
play an important role in the establishment of the sym-
biosis between rhizobia and leguminous plants (Cosme
et al. 2008; Eda et al. 2011). In E. meliloti 1021 14
different multidrug resistance efflux pumps (MDR),
one pump belonging to the ATP-binding cassette family
(ABC), three pumps belonging to the major facilitator
superfamily (MFS), and ten pumps belonging to the
resistance-nodulation-cell division family (RND), have
been detected (Eda et al. 2011). Eda et al. (2011) hy-
pothesized that the SmeAB RND type pump had a main
role in antimicrobial resistance of E. meliloti.
Nevertheless, the authors concluded that the 20
chemicals that they tested could have been unable to
highlight the contributions of the other pumps (Eda et al.
2011). In our study the PM approach permitted to en-
large the numbers of tested substrates up to 240 and to
identify a heterogeneity of substrates (several antibi-
otics, toxic ions, intercalating mutagens, membrane
damagers, respirations inhibitors and other antimicrobi-
al agents) to which the bacterium was made more toler-
ant by luteolin.
Fig. 6 Effect of luteolin onE. meliloti 3001 biofilm formation. The
biofilm formation was evaluated on LB medium a) and VMM
minimal medium supplemented with different carbon sources b),
using crystal violet staining at 72 h after multi-well plate inocula-
tion (see methods). Means and standard deviations of two indepen-
dent experiments for each condition with twelve replicates each
time are shown. Dark grey bars correspond to control and light grey
bars correspond to experiments performed in presence of luteolin. *
or ** indicate statistically significant differences in biofilm forma-
tion in presence of luteolin at the level ofP-value < 0.05 (t test), and
P-value < 0.01 (t test), respectively
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Transcriptional experiments performed until now to
find luteolin responsive genes in E. meliloti did not point
out any known efflux or resistance system other than
ErmAB, which is aMFS type pumpwhose expression is
induced by luteolin throught the ErmR regulator
(Capela et al. 2005; Rossbach et al. 2014). Taking into
account the molecular heterogeneity of the compounds
towards which E. meliloti showed an increased resis-
tance in presence of luteolin, our data support the hy-
pothesis that more than one efflux pump or other resis-
tance systems are activated by the luteolin. In other
rhizobia, flavonoids can activate efflux pumps involved
in resistance to rhizosperic compounds. Isoflavones ge-
nistein and daidzein induced resistance to the phytoalex-
in glyceollin in some soyabean nodulating rhizobia
(Parniske et al. 1991). In Rhizobium etli, flavonoids
induced genes rmeA and rmeB, which encode a MFS
pump, that are required both for efficient nodulation in
bean (Gonzalez-Pasayo and Martinez-Romero 2000)
and for resistance to naringenin, coumaric acid or
salicylic acid. Also, in E. meliloti 1021, the deletion of
genes encoding the RND-type SmeAB pump resulted in
increased susceptibility to antimicrobials and makes the
bacterium defective in competing with the wild-type
strain for nodulation (Eda et al. 2011). The resistance
induced by luteolin pointed out by PM analysis could
help E. meliloti to cope with toxic compounds released
in the rhizosphere by the plant, to counteract pathogens,
or to withstand oxidative burst within the plant during
the infection (Santos et al. 2001), offering to the
symbiotic bacterium an advantage to reach the roots
and to establish an effective symbiosis.
The increased osmotolerance of E. meliloti 3001 to
Na-phosphate found in the presence of luteolin could be
rationalized considering the variation in soil pH and
osmolytes to which microorganisms are subjected in
rhizospheric conditions. The luteolin-induced
osmotolerance could increase bacterial fitness and thus
constitutes an advantage for its successful plant root
colonization (Biondi et al. 2009). The two major
osmoprotection systems characterized in E. meliloti are
represented by betaine-glycine (Mandon et al. 2003; Le
Rudulier et al. 1984; Pocard et al. 1997) and ectoine
(Talibart et al. 1994). In vitro expression studies (Becker
et al. 2014; Capela et al. 2005; Roux et al. 2014)
revealed no evidences that the betaine system
(betICBA operon) was induced by luteolin. However,
it cannot be excluded that the osmoprotectant ectoine
system is luteolin induced and therefore likely involved
in the enhanced osmotolerance of E. meliloti.
PM analysis revealed that the capability of E. meliloti
3001 to use carbon and nitrogen sources is not influenced
by luteolin in the tested conditions. Nevertheless,
Hartwig and Phillips (1991) found that luteolin affected
the ability of E. meliloti to use carbon sources. Therefore,
we conducted experiments using VMM supplemented
with different carbon sources and inoculum densities. We
found that when the strain was grown in the sugars and
carboxylic acid (D-glucose, D-ribose, D-fructose, Na-
succinate or Na-pyruvate), luteolin reduced the lag time
Fig. 7 Effect of luteolin on E. meliloti 3001 siderophore production.
The siderophore production was valued by CAS assay on cultures
grown in presence and absence of luteolin, in VMMminimalmedium
depleted of iron chloride and supplemented with Na-succinate. The
CAS assay was performed on exponential growth phase and station-
ary growth phase, and on not inoculated media, as negative control.
Means and standard deviations of three independent replicates are
shown. Dark grey bars correspond to control and light grey bars
correspond to experiments performed in presence of luteolin. * indi-
cate statistically significant differences in A670 in presence of luteolin
at the level of P-value < 0.05 (t test)
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of the cultures at decreasing bacterial density of the
inoculum. In VMM supplemented with D-fructose,
E. meliloti 3001 did not show metabolic activity over a
time of 96 h when the inoculum was lower than about
7.5x105 cells/ml. In presence of luteolin also at the lowest
bacterial concentration tested (around 180 cell/ml) meta-
bolic activity was shown (lag time was 66 h). The effect
of luteolin on cultures grown in VMM supplemented
with L-glutamine or L-histidine was different from that
observed in VMM containing the sugars and the organic
acids tested, in fact, the reduction of lag time induced by
the luteolin remained of the same entity at the different
cellular densities. These results pointed out that luteolin,
through forcing small populations of the bacterium to be
active, exerts a growth-promoting effect, as already
shown by Hartwig and Phillips (Hartwig and Phillips
1991). Nevertheless, our study, extending the number
of carbon source used and by including two amino acids,
showed that the influence of luteolin on the activity of the
E. meliloti 3001 is high in conditions of nitrogen limita-
tion. This hypothesis is sustained by the evidence that
nitrogen limitation is a factor controlling the establish-
ment of the symbiosis (Dusha and Kondorosi 1993).
Moreover, since rhizosphere soil contains organic acids,
amino acids and other molecules, such as galactosides,
whichmay serve as chemoattractants and nutrient sources
for rhizobia (Dakora and Phillips 2002), we can speculate
that the effect of luteoolin on carbon source utilization is
related to the optimization of catabolic systems in the
presence of plant. Indeed, in previous work, we showed
that for some of the compounds tested on PM1 and PM2
plates, a high strain-related variation in their utilization is
present in E. meliloti (Biondi et al. 2009), suggesting that
the differential use of rhizosphere nutrient sources could
be a fitness factor for rhizobial competition.
In Proteobacteria, cell-density dependent signaling,
known QS, is mediated by diffusible signal molecules,
mainly represented by AHLs. A broad variety of impor-
tant physiological traits related to the free living and
symbiotic states are regulated by QS. Luteolin did not
affect the production of long chain AHLs under high
nutrient availability conditions (e.g. rich medium) dur-
ing the exponential growth phase. More interestingly,
results obtained in a nutritionally limited condition (e.g.
minimal medium) clearly revealed that luteolin signifi-
cantly reduced the overall long chain AHLs production
by E. meliloti 3001. This luteolin effect was found
during the exponential growth phase for all carbon
sources used. E. meliloti and a few other bacterial
species have been reported to produce uncommon
AHLs with long acyl chains, containing more than 12
carbons (Gonzalez and Marketon 2003; Sanchez-
Contreras et al. 2007; Steindler and Venturi 2007;
Venturi 2006). It is known that plants produce com-
pounds that mimic AHLs, which are able to interfere
with bacterial quorum sensing genes (Gao et al. 2003;
Hassan and Mathesius 2012; Teplitski et al. 2000). In
strains of S. fredii, R. etli, and R. sullae, the production
of long chain AHLs was found to be enhanced in
presence of their respective nod-gene-inducing flavo-
noid (Perez-Montano et al. 2011). This result is in con-
trast with what was observed here for E. meliloti 3001
and it could suggest that the influence of flavonoid on
rhizobial strain is host-specific. Nevertheless, since the
three rhizobial strains were grown in yeast mannitol
medium, we cannot exclude that the increase in AHLs
induced by flavonoids could be dependent by the medi-
um used. In fact, data obtained in this work suggest that
the effect of the host flavonoid on the rhizobium depends
on nutritional conditions. Indeed, in Pseudomonas
aeruginosa, the flavanone naringenin reduces AHL pro-
duction (Vandeputte et al. 2011), AHL production has
been shown to be related to nodule number control in
Medicago truncatula (Veliz-vallejos et al. 2014), and the
mutant of sinI gene (encoding the AHL synthase) has
delayed nodule formation (Gao et al. 2003).
The effect of luteolin on AHLs production in
E. meliloti 3001 observed in minimal medium could
be related to rhizosphere adaptation and possibly to the
early phase of symbiotic interaction as well. We can
speculate that a reduction in AHL production allows
the presence of higher rhizobial cell number in the
rhizosphere of the host plant compared to soil or to
non-host plants, thereby increasing competitiveness for
rhizosphere colonization and formation of nodule pri-
mordial. Moreover, in the same poor nutritional in vitro
conditions the addition of luteolin caused an increase in
IAA production, although to a different extent according
to the carbon source. Auxin are known to be essential
for nodule development and several flavonoids were
shown to have a crucial role as signals in the initiation
of nodule primordia, for their inhibitory activity on
auxin transport (Zhang et al. 2009). Similarly, luteolin-
induced IAA synthesis by rhizobial cell could be
hypothesised to locally contribute to nodule formation.
The uptake of iron is another crucial aspect of rhizobia
metabolism, because enzymes related to nitrogen fixa-
tion, such as nitrogenase and leghemoglobin, contain iron
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as cofactor (Lynch et al. 2001; Persmark et al. 1993).
Ampe et al. (2003) found that luteolin significantly in-
duces the expression of three genes involved in iron
metabolism in E. meliloti 1021. One of these genes was
SMa2939, encoding a probable siderophore biosynthesis
protein. In order to verify the effective role of luteolin in
regulating iron metabolism, we have performed pheno-
typic experiments to evaluate siderophores production in
the E. meliloti 3001. Results showed that luteolin stimu-
lated siderophore production in stationary phase cultures,
grown in iron deficient medium, suggesting that the host
plantmight use the flavonoid signal to increase the uptake
of iron by the bacterium.
It has been reported that in E. meliloti different types
of transport systems play an important role in the plant
host symbiosis and in rhizobia survival in bulk soil and
rhizosphere (Cosme et al. 2008). Such transport systems
are involved in the export of extracellular proteins,
including hydrolytic enzymes such as carboxymethyl-
cellulose (CMC) hydrolase, and they appear likely to be
involved in the primary host infection process during
rhizobium-legume symbiosis (Chen et al. 2004; Mateos
et al. 2001).
E. meliloti 3001 in minimal medium exhibited a
significantly lower motile ability as compared to rich
medium. This result is consistent with the negative
Fig. 8 Effect of luteolin on phenotypes of E. meliloti 3001. For each
phenotype a set of arrows are reported representing the effect of
luteolin in the different media tested. The direction of the arrows
represents the influence of luteolin on the tested phenotypes: upward
arrow=positive effect, downward arrow=negative effect, left right
arrow=no effect. The arrow represents the medium used to test the
phenotype and refers to (from left to right): LB, VMM+glucose,
VMM+fruc tose , VMM+ribose , VMM+Na-pyruva te ,
VMM+Na-succinate,VMM+histidine, VMM+glutamine.The
motility assay was performed on LB and VMM+Na succinate (from
left to right). To test siderophore production VMM+Na succinate
depleted of iron chloride was used.Resistance to toxic compounds
(*) was valued towards 240 chemicals by Phenotype Microrarry in
VMM+Na-succinate. The main effect was an increase in the
resistance to toxic compounds (luteolin modified the sensitivity of
E. meliloti 3001 towards 20 % of the tested chemicals, among these
compounds 82 % was more tolerated by the strain in the presence of
luteolin rather than in its absence
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regulation of E. meliloti motile behavior in response to
limited nutrient conditions (Wei and Bauer 1998), and
with the sharp down regulation of chemotaxic and fla-
gellar biosynthesis genes expression of E. meliloti ob-
served on minimal medium with respect to rich medium
(Barnett et al. 2004). The luteolin effect here found on
E. meliloti 3001 motility on rich medium might indicate
a plant strategy to negatively regulate the motility of
rhizobia. Such movement inhibition may promote the
accumulation of rhizobial cells around the host roots, as
highly localized bacterial Bclouds^ and simultaneously
enhance the successful invasion of the roots.
Previous studies have pointed out that plant flavo-
noids influence biofilm production in rhizobia. In
E. fredii the isoflavonoid genistein induces the transition
from a monolayer-type biolfilm to a microcolony-type
biofilm (Perez-Montano et al. 2014). Our finding sug-
gests that the effect of flavonoids on biofilm production
depended on the strain analyzed, and indicates that, as
observed for other phenotypes tested, luteolin is able to
influence biofilm formation in E. meliloti 3001 but its
effect depends on the nutrient availability.
Overall, our data suggest that E. meliloti 3001 devel-
oped the ability to activate a complex network of re-
sponses following the perception of the plant signal
luteolin (Fig. 8). Moreover, nutritional conditions to
which the bacterium is exposed significantly impact
the response to luteolin. In conclusion, our work has
shown that luteolin triggers a pleiotropic response that is
possibly unlinked to the nodulation factor biosynthesis
and controls several aspects of bacterial physiology
unexplored with molecular analysis conducted so far.
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